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Abstract. Light WIMPs are dark matter particle candidates with weak scale
interaction with the known particles, and mass in the GeV to 10’s of GeV range.
Hints of light WIMPs have appeared in several dark matter searches in the last
decade. The unprecedented possible coincidence into tantalizingly close regions of mass
and cross section of four separate direct detection experimental hints and a potential
indirect detection signal in gamma rays from the galactic center, aroused considerable
interest in our field. Even if these hints did not so far result in a discovery, they have
had a significant impact in our field. Here we review the evidence for and against
light WIMPs as dark matter candidates and discuss future relevant experiments and
observations ‡
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1. Introduction
Observations on all astrophysical and cosmological scales at and above the scale of dwarf
galaxies indicate that dark matter (DM) constitutes about 25% of the content of the
Universe (see e.g. [1]). Most of the matter in galaxies and galaxy clusters consists of
DM. More than 80% of the mass of our own galaxy resides in a spheroidal DM halo,
which extends much beyond the visible disk of the galaxy.
The name DM is a historically motivated misnomer for what is actually “invisible
matter”, i.e. matter that has not been observed to absorb or emit light of any frequency.
There is no evidence that the DM has any other interaction but gravitational (see
e.g. [2]). The DM cannot consist of atomic matter (normal or “baryonic” matter,
consisting of protons and neutrons), which accounts for an additional 5% of the content
of the Universe (see e.g. [3]). The remaining 70% consists of dark energy, a component
which, unlike matter, has repulsive gravitational interactions.
The currently most accurate determination of the composition of the Universe
comes from global fits of cosmological parameters to a variety of observations, combined
with General Relativity (see e.g. [2, 3]). Five independent measurements of the
abundance of atomic matter show that it amounts to less than 5% of the content
of the Universe: the X-ray emission from galaxy clusters, the relative height of the
odd and even peaks in the angular power spectrum of Cosmic Microwave Background
(CMB) anisotropies, the abundance of light chemical elements generated in Big Bang
Nucleosynthesis (BBN), Baryon Acoustic Oscillations and absorption lines of the light of
quasars (the Lyman-α forest). Some part of the atomic matter may well contribute to a
baryonic type of DM in the form of non-luminous gas or Massive Astrophysical Compact
Halo Objects (MACHOs). This baryonic MACHOs could be condensed objects such as
black holes of stellar origin, neutron stars, white dwarfs, very faint stars, brown dwarfs
or planets. However, MACHOs which could constitute the DM must be non-baryonic.
They could be “Primordial Black Holes” (PBH), hypothetical black holes proposed by
Carr and Hawkings in 1974 [5] that could be created in a primordial phase transition,
maybe during inflation (see e.g. [6, 7]), always before BBN (so that even if the matter
which formed the PBH could contain quarks, the constituents of protons and neutrons,
PBH are not part of the atomic matter).
It is worth establishing at this point the timing of some important episodes in the
history of the Universe. All measurements so far have confirmed the Big-Bang model
of a hot early Universe expanding adiabatically for most of its lifetime of tU = 13.799
±0.021 × 109 y [4]. BBN is the earliest episode in the history of the Universe from
which we have data, consisting of the relative abundance of the light elements produced
then, when neutrons and protons fused together to form D, 4He and 7Li. It took place
between 3 and 20 minutes after the Bang, when the temperature of the Universe was
T ' MeV. In order for BBN and all the subsequent history of the Universe to proceed
as we know it, it is enough that the earliest and highest temperature of the radiation-
dominated period in which BBN happens is just larger than 4 MeV [8]. We do not know
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the thermal history of the Universe before its temperature was 4 MeV and it is worth
keeping in mind that most DM candidates are produced during this pre-BBN period.
The CMB was emitted 379 ky after the Bang, when the temperature of the Universe
was T ' 3 eV and atoms became stable for the first time. After this moment, called
“recombination”, the Universe became populated by neutral constituents (the atoms)
instead of plasma, and consequently the mean free path of photons became very large
on cosmological scales. Shortly before the emission of the CMB (when the Universe
was about 100 ky old and T ' 1 eV) the Universe passed from being radiation-
dominated to being matter-dominated by the DM. The acoustic oscillations in the pre-
recombination plasma, or Baryon Acoustic Oscillations, which produce anisotropies in
the CMB photons, also leave an imprint in the atomic matter which is seen in the
distribution of galaxies in space as excesses in galaxies separated at certain distances.
We know many properties of the DM, although its nature remains one of the most
important open problems in science.
The DM has attractive gravitational interactions, it behaves as regular matter for
gravitational interactions, and it is still present in the Universe, thus it is either stable
or has a lifetime much larger than the lifetime of the Universe. Because there is no
evidence that the DM has any other interaction but gravitational, it is natural to wonder
if the many observational evidences for DM are instead showing departures from the
law of gravity itself. However, no proposed modification of gravity can explain all the
observational evidences for DM without introducing some form of DM too (see e.g. [2]).
The DM is not observed to interact with light. Thus, it should either be
neutral (maybe with a small electric or magnetic dipole moment [9, 10] or an anapole
moment [9, 11]) or have a small effective electric charge [12]. A small electromagnetic
coupling could arise if the DM is part of a “dark sector”, a set of new particles
not charged directly under any of the Standard Model forces (weak, strong, and
electromagnetic) which couple to the known particles only though the small admixture
of a “dark photon” with the usual photon or the neutral mediator of weak interactions,
the Z boson (see e.g. [13]).
The bulk of the DM must be dissipationless, i.e. it cannot cool by radiating as
atomic matter does to collapse in the center of disk galaxies. Otherwise, the extended
galactic dark halos would not exist. However, a small fraction of the DM, 5 to 10%,
similar to the fraction of atomic matter in a galaxy, could be dissipative without
disrupting the halo [14].
The DM has been mostly assumed to be collisionless, however the upper limit on
the DM self-interaction cross section σself is huge. An upper limit on the σself/m ratio,
where m is the DM constituent mass, comes from a lower limit on the DM mean free path
λmfp ' 1/nσself = m/ρσself in structures of known density ρ [15] (n is the number density
n = ρ/m). The limit is σself/m ≤ 2 barn/GeV ' 2×10−24 cm2/GeV. By comparison, the
neutron capture cross section of uranium is a few barns! DM with a large self-interaction
cross section close to this limit is called “Self-Interacting DM” (SIDM) [16, 17]. DM
with less than an order of magnitude smaller σself is indistinguishable from collissionless.
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This brings us to what we know about the mass of the DM constituents. An upper
limit on the mass of the major constituent of the DM m ≤ 2× 10−9 M = 2× 1048 GeV
at the 95%C.L. (M is a solar mass) comes from unsuccessful searches for MACHOS
in the dark halo of our galaxy using gravitational microlensing (by the ground-based
MACHO, EROS and OGLE surveys [18] and the Kepler satellite [19]), combined with
bounds on the granularity of the DM (starting with wide binary stars disruption limits
for m > 30 M [20]). Microlensing is a type of gravitational lensing in which the multiple
images of the lensed star are superposed, producing a temporary magnification of the
star flux if an object passes near the line of sight to the star. Above this limit, MACHOS
can account for only a small fraction of the dark halo of our galaxy, except perhaps at
the cross-over from the microlensing and wide binaries disruption limits. Weakening
somewhat both these limits, a window from 20 M to 100 M has been suggested to
exist, in which MACHOS could constitute all of the DM [21]. Only MACHOS which are
not part of the baryonic matter, such a PBH, could be a major DM component. It has
been suggested [21] that the black holes recently detected by the LIGO collaboration [22]
through gravitational waves emitted when two of them coalesced are DM PBH. However,
because of their black hole nature, many more limits apply to PBH than to generic
MACHOs which exclude PBH from constituting the bulk of the DM for any mass,
except maybe in a few windows at the boundaries between two different limits, if these
limits are weakened (see e.g. [23]). Two of these PBH mass windows are indicated in
Fig. 1 with a dashed red line. For the 20 M to 100 M window to exist for PBH two
independent bounds should be somehow evaded or weakened [23] (on the survival of a
star cluster in the Eridanus II dwarf galaxy [24] and another, more model dependent, on
the effects that X-rays emitted by gas accreted onto PBH could have on the CMB [25]).
If LIGO has detected DM PBH, then the black hole mergers they observe should be
spatially distributed as the DM and not as the luminous matter. This will be tested as
LIGO collects more merger events.
The limits just presented and the lack of other candidates besides PBH and new
elementary particles that can have the right relic abundance to be the DM, constitute the
only observational arguments we have in favor of elementary particles as DM candidates.
The large scale structure of the Universe has shown that the bulk of the DM must be
Cold or Warm (instead of Hot), i.e. either non-relativistic or becoming non-relativistic
(instead of relativistic) when galactic-size perturbations became encompassed by the
growing horizon ' ct. This happened when the temperature of the Universe was T '
keV. Particles that have a thermal spectrum have a characteristic energy of the order of
the temperature T , thus are Cold DM if m > keV, Warm DM if m ' keV and Hot DM
if m < keV. The only particles in the Standard Model of elementary particles which are
neutral and without strong interactions as required for the DM, are neutrinos and they
are Hot DM because their masses are much smaller than a keV and they have a thermal
spectrum in the early Universe (they must be in thermal equilibrium during BBN).
There are no Cold or Warm DM candidates in the Standard Model. Thus particle
DM requires physics beyond the Standard Model. A plethora of DM particle candidates
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Figure 1: Mass ranges (solid red lines) of several DM candidates. Starting from the
lowest mass: “Fuzzy DM” [26]; ultra-light bosons, such as Axions and Axion-Like
Particles (ALPs) which are scalar bosons, and also dark photons (also called hidden-
sector photons) which are vector bosons and together with ALPs are sometimes called
Weakly Interacting Slim Particles or WISPs (see e.g. [27] and Sect. 6 of [28]); sterile
neutrinos (see e.g. [2]); Light DM (LDM), also called Sub-GeV WIMPs (see e.g. Sect. V
of [13]); WIMPs (see e.g. [2]); the potential windows for Primordial Black Holes (dashed
red lines) would require evading or weakening some existing bounds to account for the
whole of the DM within them (see e.g. Section VI of [23]).
have been proposed. The mass range of several of them are shown in Fig. 1. The lower
limit on the DM particle mass is at least 10−31 GeV since there is a concrete particle
candidate proposed with this mass, the “Fuzzy DM”. This is a boson with a de Broglie
wavelength of 1 kpc [26].
Models for beyond the Standard Model physics at the electroweak scale, such as
supersymmetric models, usually predict Weakly Interacting Massive Particles (WIMPs)
as DM candidates, although these are by no means the only WIMP models. WIMPs are
characterized by interacting with Standard Model particles with cross sections typical
of weak interactions and have a mass in the 1 GeV-100 TeV range. Several independent
DM searches have shown hints of a DM detection pointing to WIMPs in the lower
portion of this mass range, 1 GeV to 10’s of GeV, which we call light WIMPs.
WIMPs became preferred DM candidates early on, in the 1980’s, because cross
sections of weak order expected in most beyond the Standard Model particle models
guarantee the right relic abundance for “thermal” WIMPs. This is sometimes called
the “WIMP miracle”. We usually characterize WIMP candidates according to how
they are produced as “thermal” or “non-thermal” relics (see e.g. [2]). Thermal relics are
produced in the early Universe via interactions with the thermal bath, reach equilibrium
with the bath and then “decouple” or “freeze-out” when their interactions cannot keep
up with the expansion of the Universe (i.e. they become too rare to interact). After
freeze-out the number of WIMPs per comoving volume remains constant. Non-thermal
DM relics are all those not produced in this way (see e.g. [29]). For example, they could
be produced via the decay of other particles, which themselves may or may not have a
thermal abundance.
The relic density of thermal WIMPs, in the absence of a DM particle-antiparticle
asymmetry, is inversely proportional to their annihilation cross section at freeze-out,
actually to 〈σv〉, the average over the WIMP momentum distribution of the annihilation
Light weakly interacting massive particles 6
cross section times the relative WIMP speed v. If the Universe is radiation dominated
at freeze-out and no significant change in entropy of matter and radiation occurs after,
one finds that if 〈σv〉 = 3 × 10−26 cm3/s for s-wave annihilation (for which 〈σv〉 is v
independent) or 〈σv〉 = 6 × 10−26 cm3/s for p-wave annihilation (for which 〈σv〉 ∼ v2)
thermal WIMPs freeze-out when T ' m/20 with the right DM density. These are cross
sections of weak order for WIMPs in their characteristic mass range. However, notice
that the thermal WIMPs freeze-out happens at temperatures larger than 4 MeV for all
WIMPs with mass m > 80 MeV. Since we do not know the history of the Universe
before its temperature was 4 MeV cosmological assumptions must be made to compute
the relic abundance of these WIMPs, which may be wrong. Modifications of the standard
cosmological assumptions (or a DM particle-antiparticle asymmetry) can result in vastly
different predictions of the relation between WIMP relic density and cross section (see
e.g. [30])
The efforts to determine what the DM consists of are numerous. They involve
particle physics, cosmology and astrophysics. WIMPs are searched for in direct detection
experiments, indirect detection experiments and at colliders.
Direct detection experiments try to detect the energy deposited in a detector by
collisions of WIMPs in the dark halo on our galaxy. Direct detection is, therefore,
subject to uncertainties in the local dark halo characteristics.
Indirect detection looks for annihilation or decay products either of WIMPs in the
dark halos of the Milky Way and other galaxies, in particular photons or anomalous
cosmic rays, such as positrons and antiprotons, which do not come from astrophysical
sources or of WIMPs captured by and accumulated within the Sun or Earth from which
only neutrinos can escape.
A clear caveat to indirect detection is that the DM may not annihilate in present
times, or decay. The DM does not annihilate at present if it consists only of particles
which are different from their antiparticles. This can happen with “Asymmetric DM”.
We owe our very existence to a particle-antiparticle asymmetry in protons and neutrons
versus their antiparticles. It insures that after all particle-antiparticle pairs annihilate
in the early Universe, the excess of particles survive. This explains why atomic matter
only consists of matter and not antimatter at present. In Asymmetric DM models,
considered also since the 1980’s [31], a similar production mechanism is assumed for the
DM (see e.g. [32]).
In most DM particle models the DM is stable because it is the lightest carrying
a conserved quantum number, thus it cannot decay. For example, in supersymmetric
models each Standard Model particle has a supersymmetric partner whose spin differs
by 1/2, and there is a parity, “R-parity” under which all supersymmetric partners are
odd and all the Standard Model particles are even. R-parity conservation guarantees
that the lightest supersymmetric particle is stable (also that supersymmetric particles
can only be created in pairs from Standard Model particles).
Indirect detection requires a good understanding of astrophysical backgrounds and
the expected signal is subject to uncertainties in the characteristics of the dark halos.
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At colliders, in particular the LHC (Large Hadron Collider), DM particles produced
in the collisions would escape from the detectors without leaving any trace. Because
of energy and momentum conservation in each collision, the signal of DM particles
is missing energy and momentum in the collision products. An advantage of lepton
colliders, e.g. electron-positron colliders, is that the total missing energy and momentum
can be measured, but there is no high energy collider of this type operating at the
moment. In hadron colliders, such as the LHC in which protons collide with protons,
the actual colliding particles are the hadron constituents, or partons, the quarks and
gluons. Each parton carries a fraction of the incoming hadron momentum. Because the
initial momentum along the hadronic beam axis of the colliding partons is not known,
the total amount of missing energy and momentum cannot be determined. However, the
initial partonic momentum transverse to the beam axis is zero, so any net momentum
of the collision products is an indication of missing transverse momentum. This is
usually called Missing Transverse Energy (MET), although the name is correct only if
the escaping particles are massless. MET is the signal of neutrinos produced in the
collisions, whose mass is completely negligible with respect to their energies. Neutrinos
were, in fact, discovered using their signature of missing energy and momentum. In
1930 Wolfgang Pauli postulated their existence as a way of preserving the conservation
of energy and momentum in beta decays.
Most WIMPs produced at colliders are relativistic and a particle traveling close to
the velocity of light escapes the detectors in about 100ns (30 meters). Thus, one should
keep in mind that a MET signal produced by a particle with lifetime ' 100 ns cannot be
distinguished at colliders from one which lives longer than the lifetime of the Universe,
4×1017 s, as required for DM particles. Thus, even if a signal is found at the LHC for a
potential DM particle, its presence in the Universe constituting the DM at present will
need to be confirmed by other means.
Other caveats to the LHC searches are that DM particles with mass larger than
a few TeV would be too heavy to be produced and that these searches are relatively
insensitive to DM interacting only with leptons.
2. Light WIMPs in Direct Detection
The expected flux of WIMPs passing through a detector on Earth is very large.
Considering that the maximum local WIMP number density is n = ρDM/m, where
ρDM ' 0.3 GeV/cm3 is the local DM density and m is the WIMP mass, and
that the characteristic WIMP speed is v ' 10−3 in the galaxy, the WIMP flux is
nv ' 107(GeV/m)/cm2s (notice that all along we use natural units in which c=1 and
h¯ =1, thus e.g. 1s ' 3 × 1010cm). What makes the direct detection of WIMPs very
difficult is not that their flux is small but that they interact with Standard Model
particles very rarely and, when they do, deposit a small amount of energy, typically
1 to 10’s of keV. Present upper limits on the interaction rate of e.g. WIMPs with a
spin-independent interaction (Eqs. 3 and 4) are at present below 1 event/(100 kg year)
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for m = 60 GeV, thus requiring ton scale detectors, and only below 1 event/(kg day) for
light WIMPs. This allows small detectors of kg size with low enough energy threshold
to be relevant for light WIMPs.
The small rates and deposited energies force the experiments to have a extremely
good control of backgrounds. The detectors must be located underground, either under
mountains or in mines, to decrease the background due to the interaction of cosmic rays
in the atmosphere.
Most direct searches are non-directional, although some, still in the stage of
development, attempt to measure the recoil direction besides the energy (see e.g. [33])
and they are not relevant for our main topic.
2.1. The expected rate in direct detection experiments
The recoil rate expected (in non-directional detectors) is given by the local WIMP
flux, nv, times the number of target nuclei in the detector, times the scattering cross
section, integrated over the local WIMP velocity distribution with respect to Earth. The
expected differential recoil rate, usually given in units of events/(kg of detector)/(keV
of recoil energy)/day, is
dR
dER
=
∑
T
dRT
dER
=
∑
T
∫
v>vmin
CT
MT
× dσT
dER
× nvf(~v, t) d3v. (1)
Here ER is the recoil energy of the target nucleus, MT is its mass, T denotes each target
nuclide (elements and isotopes), CT is the mass fraction of nuclide T in the detector, thus
CT/MT is the number of targets T per unit mass of detector, dσT/dER is the differential
WIMP-nucleus scattering cross section and n = ρ/m is the local WIMP number density.
The local WIMP density ρ coincides with the local DM density, ρ = ρDM, only if the
WIMP in question constitutes all of the DM. If instead it constitutes only a fraction r
< 1 of the total, then ρ = rρDM . Besides, ρDM itself is not known beyond roughly a factor
of 2 (see below). Thus ρ may actually be larger than the WIMP density assumed in a
particular analysis by a factor r > 1. Since ρ is a multiplicative factor in the rate of any
direct detection experiment, its actual value does not affect the comparison of the results
of direct detection experiments among themselves, but it affects the determination of
the cross section from direct detection searches and the comparison of the results of
direct searches with indirect and collider searches, which have a different dependence
on ρ.
The local DM density ρDM and the local WIMP velocity distribution with respect
to Earth, f(~v, t), depend on the dark halo model adopted. f(~v, t) depends on the time t
because of Earth’s rotation around the Sun. The integral in velocity is over all WIMPs
with speeds larger than the minimum speed vmin a WIMP must have to communicate a
recoil energy ER to the target nuclide T .
The typical momentum transfer magnitude in a WIMP-nucleus collision is q =
|~q| ' µTv ' O(MeV), where µT = mMT/(m + MT ) is the WIMP-nucleus reduced
mass. It is easy to check that q ' MeV(m/GeV) for m  MT , and q ' AT MeV for
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m  MT , where AT is the nuclear mass number of the target nuclide. The nuclear
radius is RNucleus ' 1.25 fm A1/3T , and A1/3T is a number of about 3 to 5 for most nuclei.
Thus typically
q <
1
RNucleus
' MeV
(
160/A
1/3
T
)
, (2)
what means that WIMPs interact coherently with nuclei. If 1/q  RNucleus the nucleus
interacts like a point-like particle, and for larger values of q the loss of complete coherence
is taken into account by a nuclear form factor F 2(ER).
For contact interactions in the non-relativistic limit v → 0 the differential cross
section has the form
dσT
dER
=
σT (ER)
Emax
= σT (ER)
MT
2µ2Tv
2
. (3)
for momentum transfer and velocity-independent interaction operators. There are only
two types of interactions of this kind: “spin-independent” (SI) contact interactions, due
to a scalar or vector heavy mediator, and “spin-dependent” (SD) contact interactions,
due to an axial vector heavy mediator. Heavy means here that the mediator mass is
much larger than the momentum transfer in the scattering q ' O(MeV).
For SI interactions the DM particle couples to the nuclear density, thus
σSIT (ER)=σT0F
2
T (ER), where
σT0 = [ZT + (AT − ZT )(fn/fp)]2(µ2T/µ2p)σp, (4)
and the nuclear form factor F 2T (ER) is normalized to F
2
T (0) = 1 (see e.g. [34]). Here,
µp is the WIMP-proton reduced mass, σp is the WIMP-proton cross section, fn and
fp are the WIMP couplings to neutrons and protons respectively, ZT is the number of
protons and (AT − ZT ) is the number neutrons in the target T . If the WIMP couples
equally to protons and neutrons, fn/fp = 1 (isospin-conserving coupling), the SI cross
section is proportional to the square of the mass number, σT0 = A
2
T (µ
2
T/µ
2
p)σp, but there
is no reason for isospin to be conserved in the WIMP couplings. Some values of the
fn/fp ratio make the WIMP coupling to particular nuclei very small. Because heavier
nuclei are more neutron rich than lighter nuclei, the ratio (fn/fp) = −ZT/(AT − ZT )
cancels the WIMP coupling with the particular nuclide with atomic and mass numbers
ZT and AT (and also changes the couplings to all other elements). Notice that no
choice of fn/fp can make the coupling with an element zero because there is a natural
isotopic composition, with nuclides of the same ZT and different AT . The so called
“Isospin-Violating DM” [35] with fn/fp = −0.7 minimizes the coupling with xenon
(thus weakening the limits of XENON10, XENON100 and LUX, some of the strongest
at present). Instead, fn/fp = −0.8 reduces maximally the coupling to germanium [36]
(thus weakening preferentially the limits of CDMS and SuperCDMS, also among the
strongest). WIMP particle models in which fn/fp can have these negative values have
been proposed (see e.g. [37]).
For SD interactions the DM particle couples to the nuclear spin density, leading to
σSDT (ER) = 32µ
2
TG
2
F [(JT + 1)/JT ] [〈Sp〉ap + 〈Sn〉an]2F 2SD(ER), (5)
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(see e.g. [34]). Here, JT is the nuclear spin, ap,n are the WIMP couplings to p and n and
F 2SD(ER) is the nuclear form factor, with F
2
SD(0) = 1. 〈Sp,n〉, the expectation values of
the proton and neutron spin content in the target nucleus, are numbers∼ O(1) that can
differ easily by factors of 2 or more in different nuclear models.
There are many other types of possible WIMP-nucleus interactions besides the
two mentioned, and many of them have been considered in recent years to try to
accommodate different DM hints in direct or indirect searches. All other interaction
operators contain extra powers of the momentum transfer q or the WIMP velocity
([38, 39] list all possible operators in the non-relativistic limit up to O(q2)). For
example, a pseudo-scalar mediator produces an interaction dependent on the component
of the nuclear and WIMP spins in the direction of ~q, with two extra powers of q = |~q|.
Moreover, the mediators can be either heavy or light with respect to q.
An interesting possibility explored recently is that of neutral DM particle candidates
which interact with photons through higher electromagnetic moments. For fermionic
DM, the most studied candidates with electromagnetic moments are WIMPs with
magnetic or electric dipole moments, e.g. in [9, 10, 40, 41, 39], which have the lowest
order electromagnetic interactions possible, given by dimension five effective operators
suppressed by one power of a new physics mass scale Λ in the denominator. Magnetic
and electric dipole moments vanish for Majorana fermions (although nonzero transition
moments are possible), and the only possible electromagnetic moment is an anapole
moment. The interaction in this case is described by an effective dimension six operator
weighted down by two powers of a new physics mass scale Λ in the denominator. Anapole
moment DM (Anapole DM) has been studied in the context of direct detection e.g.
in [9, 11, 41]. In this case the scattering cross section is [41]
dσT
dER
= σAref
MT
µ2N
v2min
v2
[
Z2T
(
v2
v2min
− 1
)
F 2E,T (q
2) + 2
λ2T
λ2N
µ2T
m2N
(
JT + 1
3JT
)
F 2M,T (q
2)
]
, (6)
where q2 is the square of the momentum transfer, MT is the nuclear mass, mN is the
nucleon mass, µN and µT are the WIMP-nucleon and WIMP-nucleus reduced masses,
respectively, λN = e/2mN is the nuclear magneton, λT is the nuclear magnetic moment,
JT is the nuclear spin, and the reference cross section is defined as σ
A
ref ≡ 2µ2N αg2/Λ4
(α = e2/4pi ' 1/137 is the fine structure constant and g is a dimensionless coupling
constant). Notice that the Anapole DM cross section is very different from the usual
SI or SD cross sections, Eqs. (3), (4) and (5). In particular, the v dependence of
the cross section does not factorize as 1/v2. The first term in Eq. (6) corresponds
to the interaction with the nuclear charge ZT and the second with the nuclear
magnetic field. Each has its own nuclear form factor, F 2E,T (q
2) = (4pi/Z2)F 2L(q
2) and
F 2M,T (q
2) = (3JT/JT + 1)(8pim
2
N/q
2)(λ2N/λ
2
T )F
2
T(q
2), respectively. F 2L and F
2
T are the
standard longitudinal and transverse nuclear form factors but normalized to 1 at q2 = 0
(see [41] for details).
Even when the DM elementary particle model is stablished there are uncertainties
in the scattering cross section. Starting from the fundamental interactions with which
a particular WIMP candidate couples to quarks, there are uncertainties on how to
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pass from quarks to protons and neutrons, and then to nuclei. Moreover, each type of
interaction requires its own nuclear form factor, most of which are poorly known.
With the contact differential cross-section of Eq. (3), Eq. (1) becomes
dR
dER
=
∑
T
σT (ER)
2mµ2T
ρη(vmin, t), (7)
where the halo function η(vmin, t) is defined as
η(vmin, t) =
∫
v>vmin
f(~v, t)
v
d3v. (8)
Notice that the factor ρη(vmin, t) includes all the dependence of the rate, Eq. 7, on the
dark halo model for any detector. The minimum speed vmin depends on the collision
being elastic or inelastic. In some particle models a DM particle of mass m may collide
inelastically, producing a different state with mass m′ = m + δ [42], while the elastic
scattering is either forbidden or suppressed. The mass difference δ can either be positive
(for “inelastic DM”, iDM, with endothermic scattering) [42] or negative (for “exothermic
DM”, exoDM, with exothermic scattering) [43]. For elastic collisions δ = 0. For |δ|  m
(actually µT |δ|/m2  1)
vmin =
∣∣∣∣∣
√
MTER
2µ2T
+ (
δ√
2MTER
)
∣∣∣∣∣ . (9)
The differential recoil rate dRT/dER is not directly experimentally accessible
because of energy-dependent experimental efficiencies and energy resolution functions.
The recoil energy ER is not directly measured. What is measured is a proxy E
′ for ER
(many times E ′ is only a fraction of the recoil energy, the fraction going to scintillation
or ionization). The observable differential rate is
dR
dE ′
= (E ′)
∫ ∞
0
dER
∑
T
GT (ER, E
′)
dRT
dER
. (10)
Here E ′ is the detected energy, often quoted in keVee (keV electron-equivalent) or
in photoelectrons, (E ′) is a counting efficiency or cut acceptance, and GT (ER, E ′)
is a (target nuclide and detector dependent) effective energy resolution function that
gives the probability that a recoil energy ER is measured as E
′. GT incorporates the
mean value of the observed energy, e.g. 〈E ′〉 = QTER where QT (ER) is an energy
dependent “quenching factor”, and the energy resolution σER(E
′). These functions
must be measured (sometimes σER(E
′) is computed).
WIMP interactions in crystals produce mostly phonons. Only a fraction QT of the
recoil energy goes on average into ionization or scintillation. For example, QGe ' 0.3,
QSi ' 0.25, QNa ' 0.3, and QI ' 0.09. In noble gases such as Xe, a similar factor Leff
measures the scintillation efficiency of a WIMP relative to a photon. There are large
experimental uncertainties in the determination of these parameters at low energies.
Eqs. (1) and (10) show that three elements enter into the observable rate in direct
detection experiments: 1) the detector response, 2) the particle physics input, given by
the cross section and mass of the DM candidate, and 3) the local dark halo model.
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There are uncertainties in all of these elements, which must be taken into account when
comparing the results of different direct DM detection experiments.
2.2. Halo-Dependent and Halo-Independent direct detection data comparison methods
In direct searches without directionality the unmistakable signature of DM is an annual
modulation of the rate, due to the variation in the velocity of the WIMPs with respect
to Earth as Earth rotates around the Sun [44].
A simple model which captures the bulk of the known characteristics of the dark
halo is the Standard Halo Model (SHM), in which ρDM = 0.3 GeV/cm
3 and the local
DM velocity distribution with respect to the galaxy is a Maxwell-Boltzmann with zero
average and dispersion v0, truncated at the local escape speed vesc (see e.g. [45]). The
annual average velocity of WIMPs with respect to Earth is thus, −~v, where ~v is the
velocity of the Sun with respect to the galaxy. Some usual values for these parameters are
v = 232 km/s, v0 = 220 km/s, and vesc = 533 km/s, but there are large uncertainties
(e.g. values of vesc between 500 and 650 km/s can be found in the literature).
In the SHM, disregarding gravitational focussing effects due to the Sun, the
maximum average velocity of WIMPs with respect to Earth happens at the end of
May-beginning of June (see e.g. [46]) and the minimum six months later (not exactly,
because of the small ellipticity of Earth’s orbit). However, for WIMPs with low speeds,
below 200 km/s, gravitational focussing by the Sun is important and changes these
dates [47].
We expect the actual halo to deviate from the simplistic SHM model. There
are large uncertainties in the measured value of the local dark halo density. A
comprehensive compilation of measurements up to 2014 [48] shows that the 1σ range
of most determinations since 2010 are included in the 0.2 to 0.6 GeV/cm3 range. A
more recent measurement using the rotation curve of the galaxy and assuming spherical
symmetry of the dark halo [49] finds ρDM = 0.420
+0.019
−0.021(2σ)± 0.026 GeV/cm3 where the
second error is the standard deviation of the best-fit values over all visible matter models
used in the paper (and there is a small variation of this range depending on the dark halo
profile assumed). The local DM density and velocity distribution could also be affected
by local substructure in the dark halo, e.g. if Earth is within a DM clump, which is
unlikely [50], or in a DM stream [51], or if there is a dark disk in our galaxy [52]. The
DM of the leading arm of the Sagittarius Stream, tidally stripped from the Sagittarius
Dwarf Galaxy, could be passing through the Solar system, perpendicularly to the galactic
disk [51] and tidal disruption of earlier substructure have created “debris flows”, which
are spatially homogeneous structures in velocity [53].
To avoid astrophysical uncertainties in the modeling of the local dark halo, attempts
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have been made to compare sets of direct detection data without assuming any model
for the dark halo, in a “Halo-Independent” manner, as opposed to the usual “Halo-
Dependent” manner.
The Halo-Dependent data comparison method, used since the inception of direct
detection [54], fixes the three aforementioned elements of the observable rate, usually
assuming the SHM for the galactic halo, except for the WIMP mass m and a reference
cross section parameter σref extracted from the cross section (e.g. σref = σp for SI
interactions) which parameterizes the magnitude of the cross section. Data are plotted
in the m,σref plane (as in Figs. 1.a, 2.a and 3.a) assuming a particular value, usually 0.3
GeV/cm3, for the local WIMP density ρ. If instead ρ differs from this assumed value
by a factor r, then σref should be replaced by rσref .
In the “Halo-Independent” data comparison method [55] elements 1) and 2) of the
observable rate (the detector response and the particle physics input) are fixed, except
again for a parameter σref extracted from the cross section, but no assumption is made
about the element 3), the dark halo model. This method was initially developed for SI
WIMP-nucleus interactions [55, 56, 57] and only in [41] extended to any other type of
interaction. In the formulation of [57] and [41], the rate in an observed energy interval
[E ′1, E
′
2] for any type of WIMP-nucleus interaction is written as
R[E′1,E′2] =
∫ E′2
E′1
dE ′ dR/dE ′ =
∫ ∞
0
dvminR[E′1,E′2](vmin)η˜(vmin, t), (11)
with a DM candidate and detector dependent response function R[E′1,E′2](vmin) and a
function η˜(vmin, t) ≡ (σrefρ/m)η(vmin, t), common to all experiments, that contains
all the dependence of the rate on the halo model [57, 41] (the function η(vmin, t) was
defined in Eq. (8)). For each particular energy interval [E ′1, E
′
2] the response function
R[E′1,E′2](vmin) is significantly non-zero only in a particular vmin interval.
For a fixed WIMP mass m, all rate measurements and bounds can be mapped onto
the vmin, η˜ plane. To be compatible, experiments must measure the same η˜ function.
Due to the revolution of the Earth around the Sun, η˜(vmin, t) has an annual modulation
generally well approximated by the first two terms of a harmonic series,
η˜(vmin, t) = η˜
0(vmin) + η˜
1(vmin) cos(ω(t− t0)), (12)
where t0 is the time of the maximum of the signal and ω = 2pi/yr. The unmodulated
and modulated components η˜0(vmin) and η˜
1(vmin) are detector-independent quantities
that must be common to all direct DM detection experiments and enter respectively in
the definition of the unmodulated and modulated parts of the rate of each experiment,
R[E′1,E′2](t) = R
0
[E′1,E
′
2]
+R1[E′1,E′2] cos(ω(t− t0)). (13)
Notice that in Eq. (11) the independent variables are vmin and the observed energy
E ′. Taking ER as independent variable, as done e.g. in [55], vmin is different for each
target nuclide. Notice that ER and vmin are exchangeable variables only for a single
nuclide. In this case, the speed vmin is the minimum speed necessary for the incoming
interacting DM particle to impart a recoil energy ER to a nucleus and, conversely, given
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an incoming WIMP speed v = vmin, ER is the extremum recoil energy (maximum energy
for elastic collisions, or either maximum or minimum for inelastic collisions) that the
DM particle can impart to a nucleus. When a target consists of multiple nuclides, a
choice must be made between the two, ER and vmin, as independent variable. Choosing
vmin allows to incorporate any isotopic composition of the target by summing over target
nuclide dependent ER(vmin) for fixed observed E
′.
2.3. Hints of Light WIMPs in direct detection experiments?
There are many direct DM detection experiments that are either running, in construction
or at the stage of research and development (see e.g. [58] and references therein).
They use different target materials (indicated here in parenthesis) and detection
strategies. Three direct detection experiments, DAMA/LIBRA (NaI) [59], CoGeNT
(Ge) [60, 61, 62] and CDMS-II-Si (Si) [63], have observed potential signals of DM.
CRESST-II (CaWO4) with an upgraded detector no longer found in 2014 [64] the
unexplained rate excess it had found in 2010 [65]. All other direct detection searches,
including LUX (Xe), XENON100 (Xe), XENON10 (Xe), CDMS-II-Ge (Ge), CDMSlite
(Ge) and SuperCDMS (Ge), have produced only upper bounds on the interaction rate
and on the annual modulation amplitude of a potential WIMP signal (see e.g [66] and
references therein).
The DAMA/LIBRA and earlier DAMA/NaI experiments of the same collaboration
(collectively referred to as DAMA here), located at the Gran Sasso Laboratory, Italy,
have so far found in 19 years of cumulative data, with an impressive exposure of 1.33
ton year, an annual modulation in their 2 to 6 keVee bin (their threshold was 2 keVee)
at the 9.3 σ C.L. [59] with a period of 1 year and phase compatible with that expected
from DM in the SHM. Until 2003, due to theoretical prejudices, DAMA/NaI had cut the
region of compatibility in its fits to WIMP masses m > 30 GeV and by 2002 this region
was excluded by EDELWEISS (Ge) and CDMS (Ge) data. Although the first proposed
WIMP candidate was a light WIMP (a heavy neutrino of a few GeV studied by Lee
and Weinberg in 1977 [67], rejected by the first direct detection limits in 1987 [54]), the
popularity of supersymmetric models in the 1990’s led to a preference for heavier WIMP
candidates. The lower limit of about 30 GeV on the mass of the lightest neutralino,
the usual supersymmetric WIMP candidate, was used by DAMA/NaI when fitting their
data until 2003 (when a model for a 6 GeV neutralino was proposed [68]).
In 2004-2005 P. Gondolo and I [69] proved that the DAMA/NaI modulation,
interpreted as a signal of WIMPs in the SHM was still compatible with all the upper
limits at the time for light WIMPs with SI interactions (and fn/fp = 1), with m = 5 to
9 GeV and WIMP-proton cross section σp ' 10−40 cm2. However, the interest in light
WIMPs did not start in earnest until 2008, when the DAMA/NaI annual modulation
was confirmed by DAMA/LIBRA. Many papers reanalyzed the issue of compatibility
of the DAMA data with all other negative searches at the time (see e.g. [45]) and found
that it depended strongly on the possibility of “channeling” of the recoiling target ion
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as estimated in [70].
“Channeling” and “blocking” in crystals refer to the orientation dependence of ion
penetration in crystals. Channeling happens when an ion propagates inside a crystal
along a symmetry axis or plane, so it gives all its energy to electrons instead of only a
fraction. In 2010 my collaborators and I [71] recomputed an upper limit to the fraction
of channelled recoiling ions, which originate from lattice sites of the crystal, and found
that channeling was negligible (later confirmed experimentally [72]). For ions ejected
from lattice sites the “blocking” effect, namely the reduction along symmetry axes and
planes of the flux of ions due to the shadowing effect of the lattice atoms directly in
front of the emitting lattice site, is very important [71] and had not been taken into
account in previous calculations.
The interest in light WIMPs was reinforced in 2010 when CRESST-II [65] and
CoGeNT found an unexplained rate excess and later, in 2011, CoGeNT [60] announced
a hint of annual modulation (at the 2σ and later smaller C.L.), all attributable to light
WIMPs.
CRESST-II (located also at the Gran Sasso Laboratory) with 730 kg day of exposure
reported in 2011 to have found 670 events potentially due to DM and, after considering
all possible backgrounds plus a WIMP signal to explain those events (assuming SI
interactions, fn/fp = 1 and the SHM), found two regions in the m,σp plane for which
the background only hypothesis was rejected at more than 4σ, with best-fit WIMP
mass of 25.3 GeV and 11.6 GeV respectively [65]. However, subsequently, in 2014
and 2015 [64], the same collaboration with an upgraded detector did not confirm the
existence of an excess of events over background attributable to DM.
The CoGeNT collaboration operating a single 440 g Ge detector at the Soudan
Underground Laboratory, Minnesotta, USA, with a low threshold, 0.4 keVee, found in
2010 [60] in 56 days of data an “irreducible excess” of bulk-like events (backgrounds
are mostly expected at the surface) below 3 keVee, which could be fitted by taking into
account backgrounds and a potential WIMP signal (again assuming SI interactions,
fn/fp = 1 and the SHM) in the mass range 7-11 GeV (with a χ
2 per degree of freedom
of 20.1/18). However, a fit with background only, and no WIMP signal, could be done
with similar significance [60]. In 2011, CoGeNT announced with 15 months (442 days)
of data that the irreducible excess of events had a 17% annual modulation at the 2.8σ
C.L. compatible with that observed by DAMA [61]. In subsequent years, 2013 and 2014,
the original excess was reduced by CoGeNT’s better understanding of its backgrounds.
After 3.4 y (at the end of the experiment) the CoGeNT data showed a preference for
light WIMP recoils of very low significance, below the 2σ C.L. [62].
The CDMS-II collaboration operated from 2003 to 2008 an array of mostly Ge
and some Si detectors at the Soudan Underground Laboratory. The Ge CDMS-II data
provided some of the most constraining upper limits, but in 2013 the collaboration
published the analysis of 140.2 kg-days of data acquired from July 2007 to Sept. 2008
with their Si detectors. They reported having found three WIMP-candidate events with
recoil energies of 8.2, 9.5, and 12.3 keV, with a 5.4% probability of being produced by
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Figure 2: 2.a (left) 90%C.L. limits and 68% and 90%C.L. allowed regions assuming the
SHM for SI fn/fp=1 interactions. 2.b (right) 1σ measurements of and 90%C.L. upper
bounds on η˜0 (η˜ average) for CDMS-II-Si (red crosses) and CoGeNT (brown crosses),
and η˜1 (η˜ annual modulation amplitude) for DAMA (green crosses) and CoGeNT (blue
crosses) as function of vmin for m= 9 GeV. See [36] for details.
their known backgrounds. The highest likelihood for a WIMP with Si interactions and
fn/fp = 1, and assuming the SHM, was for a mass of 8.6 GeV.
All other direct detection experiments besides DAMA, CoGeNT and CDMS-II-Si
had only negative results. Are (some of) these positive and negative results compatible
with each other for some type of WIMP?
The comparisons made by the experimental groups near always assume the SHM
and either a SI WIMP-nucleus contact interaction with equal couplings to neutrons
and protons (fn/fp = 1) or a SD WIMP-nucleus contact interaction. As shown in
Fig. 2.a, for light WIMPs with SI interactions with fn/fp = 1 and the SHM the signal
regions in the m,σref plane are tantalizingly close, but they are excluded by several
upper limits. The allowed regions and upper limits change with the type of WIMP-
nucleus interactions. For example, for light WIMPs with anapole or magnetic dipole
interactions, the DAMA, CoGeNT and CDMS-II-Si m,σref regions overlap (assuming
the SHM and elastic interactions), thus all three signals could arise from the same DM
candidate, if it were not that the regions are rejected by several upper limits, mostly
those of SuperCDMS and LUX [73]. This is shown in Fig. 3.a for Anapole DM.
2.4. Light WIMPs which can explain some of the hints
The right panels of Figs. 2, 3 and 4 show the Halo-Independent data comparison for
the same candidate (assuming a particular light WIMP mass) whose Halo-Dependent
analysis assuming the SHM is shown in the left panels of the same figures: a WIMP
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Figure 3: 3.a (left) 90%C.L. limits and 68% and 90%C.L. allowed regions for the DAMA
(green) and CoGeNT 2011-2012 (light blue) modulation data (indicated by a subscript
1) and the CoGeNT 2014 (blue) and CDMS-II-Si (pink) unmodulated data, for Anapole
DM, assuming the SHM. The three (green) DAMA regions correspond to QNa equal to
0.45 (left), 0.30 (middle) and the energy dependent value from [72] (right). 3.b (right)
1σ measurements of and 90%C.L. upper bounds on η˜0 (η˜ average) for CDMS-II-Si (red
crosses) and CoGeNT (brown crosses), and η˜1 (η˜ annual modulation amplitude) for
DAMA with QNa = 0.30 (green crosses) and CoGeNT (blue crosses) as function of vmin
for Anapole DM with m= 10 GeV. See [73] for details.
with SI interactions, fn/fp = 1 and elastic scattering in Fig. 2 [36], another also with
SI interactions but fn/fp = −0.7 and exothermic (δ < 0) scattering in Fig. 4 [74], and
a WIMP interacting via an anapole (Anapole DM) and elastic scattering in Fig. 3 [73].
The crosses in the right panels of Figs. 2 and 3 represent potential rate and
modulation amplitude measurements translated into the vmin, η˜ space. The vertical
bar of the crosses represent 68% C.L. intervals of the η˜0 or η˜1 functions in Eq. (12)
averaged over the vmin range indicated by the horizontal bar.
The pink regions in the left panels and the three red crosses in the right panels in
Figs. 2 and 3, corresponding to the three events observed by CDMS-II-Si, are forbidden
by upper limits. Even without considering the limits, the Halo-Independent analyses
in these figures put in evidence problems in the compatibility of the potential DM
signal regions by themselves: the (red) crosses representing the unmodulated rate
measurements of CDMS-II-Si are either overlapped or below the crosses indicating the
modulation amplitude data as measured by CoGeNT (blue) and DAMA (green). Since
the annual modulation amplitude of any rate cannot be larger than the average rate
itself (the rate cannot be negative), this indicates strong tension between the CDMS-
II-Si data on one side, and DAMA and CoGeNT modulation data on the other (these
two seem largely compatible). Notice that although for Anapole DM when assuming
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Figure 4: For SI fn/fp= −0.7 interactions and inelastic exothermic scattering with
δ = −225 keV, 4.a (left) 68% (dark pink) and 90%C.L. CDMS-II-Si (light pink) allowed
regions assuming the SHM, and 4.b (right panel) best fit η˜0 function (dark red line)
and 68%C.L. (dark pink) and 90%C.L. (light pink) confidence bands in vmin, η˜
0 space
obtained with the EHI method [76] for the CDMS-II-Si candidates (for m= 1.1 GeV).
90% C.L. present (solid lines) and future sensitivity (dashed lines) limits for the relevant
experiments are also shown. See [74] for references and details.
the SHM (Fig. 3.a) the CDMS-II-Si, CoGeNT and DAMA regions overlap for m =
10 GeV (thus seem compatible) in the Halo-Independent analysis (Fig. 3.b) the rate
measured by CDMS-II-Si seems too low to be compatible with the annual modulation
amplitudes observed by DAMA and CoGeNT. We see in these examples that both
types of analysis, Halo-Dependent and Halo-Independent, are complementary in the
information they provide.
The candidate in Fig. 4, where δ = −225 keV, is still (marginally) viable, i.e. the
CDMS-II-Si regions in the left panel and the 90% C.L. band in the right panel are not
entirely ruled out by present 90% C.L. bounds (solid lines) [74]. However, the same
candidate does not make the DAMA or the CoGeNT signals compatible with other
potential signals or with bounds: their regions assuming the SHM are not overlapped
with any other and entirely rejected by limits [36]. This candidate (with SI interactions,
fn/fp = −0.7 and exothermic scattering) will be entirely rejected as an explanation of
the CDMS-II-Si data by a future experiment similar to LZ or PICO-250, whose 90% CL
sensitivity limits (dashed lines) are also shown in Fig. 4 (see [74] for details).
Fig. 4.b shows for m = 1.1 GeV the CDMS-II-Si confidence bands of an extended
maximum likelihood Halo-Independent analysis (initially proposed in [75] and modified
in [76]). With this method, called EHI (for Extended Halo Independent) in [76], a best
fit halo function η˜0(vmin) (proven to be a piece-wise constant function with downward
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Figure 5: CDMS-II-Si best fit η˜0 function (dark red line) and 68% and 90%C.L. (dark
and light pink) confidence bands in vmin, η˜
0 space obtained with the EHI method [76]
for a m = 9 GeV WIMP with elastic isospin-violating (fn/fp = −0.7) SI interaction.
5.a (left) shows the best 90% C.L. limits as of July 2015 [76] and 5.b (right) shows 90%
C.L present (solid lines) and future sensitivity (dashed lines) limits for the most relevant
experiments [74]. Recent LUX and PICO-60 results rejected both bands.
steps) and a two-sided confidence band are defined. These are shown in Fig. 4.b and
Fig. 5 as a red line and two pink bands at the 68% C.L. (darker) and 90% C.L. (lighter).
It is worth noting that the allowed η˜0(vmin) functions in the part of the 90% C.L. band
in Fig. 4.b that escapes all present limits, correspond to halo models different from the
SHM [74]. The vmin required here by the highest energy event is improbable in the SHM.
Fig. 5.a demonstrates that the CDMS-II-Si 68% C.L. crosses (shown in red in
the right panels of Figs. 2 and 3) are similar in vertical extent to the EHI 68% C.L.
confidence band [76]. In Fig. 5 the DM candidate is an m = 9 GeV light WIMP with SI
fn/fp = −0.7 couplings and elastic interactions. Both the 68% and 90% C.L. bands for
this candidate were allowed by the best limits as of July 2015 (shown in Fig. 5.a) but
new LUX 2016 and PICO-60 2017 data have rejected them, as shown in Fig. 5.b [74].
Notice that a band is rejected when any η˜0 function (a continuous function starting at
vmin = 0 and ending with zero value at some maximum vmin value) entirely contained
in a band must pass above an upper limit.
So far the results of all analyses of compatibility of direct detection data have
indicated that only one of the potential direct DM detection signals at a time could
be marginally compatible with all negative results for particular DM candidates. For
example, a signal in DAMA is favored by a magnetic dipole-moment coupling, or a spin-
dependent coupling to protons. Both favor couplings to Na and I and disfavor couplings
with Xe and Ge, because the latter have small magnetic moments and their spin is due
mostly to neutrons. These couplings can be combined with inelasticity to further favor
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a signal in DAMA. Inelastic scattering enhances the potential signal in some targets
and suppresses it in some others: endothermic scattering favors heavier targets (I in
DAMA is preferred over Ge in CDMS) while exothermic scattering (as in Figs. 4 and
5.b) behaves in the opposite fashion (light nuclei such as Si in CDMS or Na in DAMA are
preferred over Xe in LUX or XENON100). For these reasons, “Magnetic Inelastic DM
(MiDM)” [40, 39] or WIMPs with inelastic spin-dependent coupling to protons [77, 78]
may marginally work as candidates for the DAMA signal. However, there remains a
strong tension with null results of other direct detection experiments, specially PICASSO
and KIMS, which contain F and I, respectively, whose spin is due mostly to protons.
In particular, evading the limits imposed by KIMS (which contains CsI) on the DAMA
region requires a different quenching factor for I in both experiments [39, 78] (which is
not clear experimentally is the case).
3. Light WIMPs in Indirect Detection
There is intense interest at the moment in an extended GeV γ-ray excess from the
galactic center (GC) detected by FermiLAT which could be a DM signal, in particular
a signal of light WIMPs. Gamma-ray astronomy is done with ground and space
instruments. The Fermi Space Telescope was launched in 2008. Its main instrument is
the Large Area Telescope (LAT) which detects photons between 20 MeV and 300 GeV.
Photons with energy above 20 GeV and up to several TeV are detected by ground-based
Air Cherenkov Telescopes (ACT): HESS in Namibia, MAGIC in Las Palmas and Veritas
in the US. On the planning stage is a large array of ACTs, the CTA (Large Telescope
Array), which could detect photons from 10’s of GeV to above 100 TeV.
Photons reveal the spatial distribution of their sources because the Universe is
totally transparent to them below 100 GeV. The γ-ray flux (number per unit area, time
and energy) from a particular direction expected from DM annihilation is
Φγ(Eγ) ' 〈σAv〉 dNγ
dEγ
∫
line of sight
ρ2(r)
m2
dl(θ)dθ, (14)
where 〈σAv〉 is the average annihilation cross section times relative speed at the source,
dNγ/dEγ is the γ-ray spectrum per annihilation (e.g. a delta function for χχ→ γγ) and
the integration of the squared DM number density as function of distance, (ρ(r)/m)2,
is along the line of sight and over the angular aperture or resolution of the detector.
Since the annihilation rate depends on the square of the DM density, the rate is
boosted in high density regions such as the GC, DM clumps, dwarf galaxies and other
galaxies and galaxy clusters. Thus a signal is expected preferentially from them.
Unlike photons, anomalous cosmic rays, such as positrons and antiprotons with
energies up to several 100’s of GeV reach us only from short distances within our galaxy.
They are an interesting potential signal of WIMP annihilation because there is not much
antimatter in the Universe. They are detected from instruments in satellites, such as
PAMELA which operated from 2006 to 2011, or AMS-02, mounted on the International
Space Station, in operation since 2011. Positrons and electrons, e+ and e−, interact with
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the magnetic fields of the galaxy and rapidly loose energy within a few kpc. Protons
and antiprotons suffer convective mixing and spallation. They propagate further than
electrons, but still only reach us from a fraction of the size of the galaxy.
3.1. Light WIMPs in the sky?
Subtracting from the Fermi LAT data all known contributions, D. Hooper with L.
Goodenough and later with T. Linden found in 2010 [79] an unexplained extended
excess of GeV photons from the GC, peaking at 2-3 GeV. The existence of the excess
was later confirmed by several other groups (e.g. [80, 81, 82, 83]) and by the Fermi LAT
collaboration itself [84]. This signal, can be interpreted as possible evidence of light
WIMPs with mass close to 10 GeV annihilating predominantly to τ+τ− or with mass
of 20-45 GeV annihilating predominantly to quarks, with an annihilation cross section
close to the value of 10−26 cm3/s required by thermal WIMPs in the early Universe to
have the right DM density [79, 80, 81, 82, 85].
Many WIMP models could account for this extended excess, but it has been argued
that it could also be explained by astrophysical sources such as repeated recent outbursts
of cosmic-rays from the central stellar cluster at the GC [86, 87, 88] or unresolved
millisecond pulsars [89, 90, 91].
The spectral shape of the GC excess is fairly similar to that observed from
millisecond pulsars, thus these were proposed earlier on, in 2010, as potential sources
of the GeV excess, although several assumptions are needed to fit the observed
excess (e.g. [92, 93, 94, 95]). Pulsars are rotating neutron stars emitting a beam of
electromagnetic radiation. Millisecond pulsars have a short rotational period of 1-
10 milliseconds. They are believed to be part of binary star systems and to have
increased their rotation rates through the accretion of material from their companion
stars. Nearly 3000 of them have been detected, but are too faint to be observed as
resolved sources in the GC. The electromagnetic spectrum of unresolved millisecond
pulsars could explain the extended GeV excess if there would be a large population
of them densely concentrated in a spherically symmetric distribution around the GC.
Discussions of the viability of this interpretation center on the existence [90, 91] and the
potential origin of such a population of millisecond pulsars [93, 94, 95].
3.2. Indirect detection limits on the GC GeV γ-ray excess and light WIMPs
The GC is a complicated place, with large uncertainties in the DM density profile and
many powerful sources. Other overdense sources in our galaxy, e.g. the inner galaxy and
the dwarf satellites of the Milky Way, might provide a cleaner signal. There is an inner
galaxy signal (within 10 degrees of the GC) consistent with annihilation of DM particles
with the mass and cross section supported by the GC [82]. However, the GC excess is
in tension [96] with DM annihilation searches from combined dwarf galaxy analyses.
Dwarf galaxies are simpler sources because they are the most DM-dominated
structures observed so far. The best dwarf DM limits come from stacked dwarf galaxy
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images analyzed by the Fermi-LAT collaboration [97]. The tension between the GC and
dwarfs data could be alleviated if the halo is extremely concentrated at the GC or the
local DM density is larger than now assumed (so that the DM density at the GC is
higher than usually assumed) or the DM annihilation signals from the GC and dwarf
galaxies are somehow different [85, 96]. The projected sensitivities of 10 y and 15 y of
dwarf galaxy observations by FermiLAT [98] will constitute a significant challenge to
the DM interpretation of the GC excess.
The “WMAP Haze” or “WMAP/Planck Haze” is an excess of microwave emission
in the inner 20 degrees (1 kpc) around the GC, discovered by D. Finkbeiner in 2003 [99]
in WMAP data, later seen in Planck data too [100] (see e.g. [101]). Planck determined
that the spectrum of the Haze corresponds to synchrotron radiation of electrons and
positrons accelerated by magnetic fields. The Haze is now considered part of the “Fermi
Bubbles” (discovered in 2009 by Dobler et al. [102, 103]), two large structures of γ-ray
emission of 8 kpc in diameter each, on both sides of the galactic plane. Thus, the origin
of the emission of the microwaves and gamma rays are supposed to be related, although
the origin of both is not known with certainty. They could be possibly due to an early
period of strong jet-like activity of the now dormant black hole at the GC, or due to
repeated starburst events of the central nuclear stellar cluster (see e.g. [104] and [105]
and references therein). In any event, a component of synchrotron radiation from e−
and e+ produced in DM annihilation (accelerated in magnetic fields) could contribute
to the “Haze” and present upper limits on this component do not contradict the DM
parameter regions needed to fit the GC γ-ray excess [101].
A potential DM hint has also been found in anomalous cosmic rays, not of light
WIMPs, but of heavy ones, which if confirmed would imply that light WIMPs are not
the dominant form of DM. In this case, light WIMPs could still be detected in direct
DM detection experiments (see e.g. [106]) but not in indirect detection (due to the ρ2
factor in the rate). An excess in the positron fraction e+/(e+ + e−) in cosmic rays in
the 10 to 100 GeV energy range was reported by PAMELA in 2008 [107] (already found
in balloon-born experiments since the 1980’s) and later confirmed by FermiLAT [108]
and more recently by AMS-02 [109]. This is due to an excess of e+ at energies above
10 GeV over what is expected from secondary cosmic rays extending at least to 350
GeV [110, 111], which indicates the existence of nearby primary sources of high energy
positrons, such as pulsars or annihilating or decaying DM [112]. No end point to the e+
excess has been observed (by HESS and FermiLAT in the spectrum of e+ + e− [113])
which would be an indication of the mass of the DM particle (this is the maximum energy
of any decay or annihilation product). This requires the DM particle to have a mass
above a TeV. Moreover, the sources cannot produce proton-antiproton pairs, because
no antiproton excess has been observed, thus the type of DM which could explain the
excess is called “leptophilic”.
If the PAMELA excess is due to DM annihilation, the products should be
intermediate light states which then decay into light enough particles, muons or charged
pions [112], and the annihilation cross section should be ∼ 10−23 cm3/s, larger by several
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orders of magnitude than expected for thermal WIMPs. For s-wave annihilation (< σv >
is v independent), these large cross sections are strongly disfavored by the Planck upper
limit [4] on DM annihilation at recombination (see below). However other possibilities
cannot be excluded, such as p-wave annihilation (< σv >∼ v2), because the speed of DM
particles at recombination is many orders of magnitude smaller than in the galactic halo.
Besides, constraints imposed by annihilation in the GC are only compatible with halo
models that predict a relatively small amount of DM in the GC (cored profiles) [114].
If the signal is instead due to DM decay, the required lifetime is ∼ 1026 s, but limits
coming from FermiLAT galaxy clusters and extragalactic background data practically
exclude this lifetime [115, 116] (limits from our galaxy and from CMB measurements
are not competitive for decaying DM [117]).
There are DM particle models which can account for all the required properties to
explain the PAMELA excess, but also nearby pulsars remain a potential sources for it
(see e.g. [112]). Upcoming AMS-02 data will help to settle the origin of this excess,
not only by increasing statistics and extending studies to higher energies, but also by
further constraining any anisotropy in the positron and electron flux. If the origin of
the positrons is one of the pulsars nearby, there should be an anisotropy at some level.
Finally let us mention upper limits on the early Universe WIMP annihilation cross
section which reject some types of light WIMPs. They stem from three different types
of observations: CMB anisotropy precision measurements by several experiments and
most recently by the Planck satellite [4], FermiLAT observations of stacked dwarf galaxy
images [97] and the positron spectrum measured by AMS-02 [111, 116] (see e.g. [118]
and references therein). CMB measurements constrain DM annihilations (or decays) at
recombination or after, i.e. 280,000 years after the Bang or later, when T ≤ eV. This is
the time when injection of secondary particles due to DM annihilation (or decay) affects
the process of recombination or heats up the intergalactic medium through which the
CMB travels at later times. The dwarf galaxies and positron spectrum observations
apply to DM annihilation at present of DM particles bound to galactic haloes.
These upper limits impose < σv >< 3× 10−26 cm3/s for WIMP masses m < O(10)
GeV (the exact mass limit depends on the annihilation mode, see e.g. [118]). Let us
recall that thermal WIMPs require that < σv >' 10−26 cm3/s at freeze-out to have
the right DM density. With a smaller cross section the relic density predicted exceeds
the observed DM density, thus the WIMP candidate is rejected. Thus, thermal light
WIMPs with m < O(10) GeV are rejected, but only if < σv > is independent of v, i.e.
for s-wave annihilation. For p-wave annihilation, < σv >∼ v2 and the limits are not
constraining at freeze-out (see e.g. [119]), because the WIMP speed v is much larger
at freeze-out than at later times. Recall that freeze-out of thermal WIMPs happens
at T ' m/20, less than a minute after the Bang. At freeze-out v ' c/3 and then v
decreases as v ∼ T due to the adiabatic expansion of the Universe so that it is v ' c (10
eV/m) at recombination. WIMPs heat up when they become bound to a halo. Their
virial speed v increases by several orders of magnitude to v ' 10−3c in the halo of our
galaxy, but still this is much smaller than v at freeze-out.
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P-wave annihilation of thermal WIMPs is one of the many scenarios in which light
WIMPs are not rejected by Planck, FermiLAT or positron spectrum limits on the early
Universe WIMP annihilation cross section. WIMPs can be produced in many other
non-thermal ways. Most of the light WIMP models explaining the GC GeV [85] are
consistent with all constraints on DM annihilation in the early Universe [4].
4. Light WIMPs at the LHC
DM particles escape detection at colliders, thus they are characterized by missing
transverse energy (MET) in collider events. MET detection is difficult because it requires
to measure accurately the energy/momentum of everything visible. Besides, neutrinos
also escape from the detectors and are a background to a DM signal, if they cannot be
identified by their associated particles.
Searches at the LHC can test either complete theories, in which the visible particles
which accompany the production of the DM particles are known (such as supersymmetric
theories) or, on the opposite side in terms of completeness of the model, single effective
couplings, or, in between both these extremes, simplified DM models. The approach
of using a single effective coupling has been used extensively since 2010 to search for
generic DM particles at the LHC. This approach is limited because it neglects possible
interference between different operators which usually occur in realistic models and
also because it assumes only very heavy mediators. Simplified DM models are used to
address these limitations.
Limits on light WIMPs have been obtained at the LHC searching for the production
of a pair of WIMPs and one visible particle, emitted either by the initial or the
intermediate Standard Model particles, necessary to be able to identify the events. These
are called “mono-X” events [120, 121, 122]. If the one observable particle is a photon,
they are “monophoton” events; if it is a gluon, they are “monojet” events. Mono-W’s
(leptons), mono-Z’s (dileptons), or mono-Higgses events are also studied. Most limits
obtained from these events have been derived assuming a single effective coupling and
contact interactions, i.e. heavy mediators of mass M whose propagators reduce to a
1/M2 factor. For example, in the limit M2 >> q2 a factor gSMgDM/|q2 −M2| becomes
an effective coupling 1/M∗2 (here gSM and gDM are the mediator coupling constants to
Standard Model and DM particles, respectively, and q is the momentum transfer). In
this limit, for example the effective vector coupling of a DM fermion particle χ and a
quark ψq becomes
LEffective = 1
M2∗
χ¯γµχ ψ¯qγµψq. (15)
The same single effective coupling used to obtain LHC bounds can be used to
compute the WIMP interaction with nuclei in direct searches, so the LHC and direct
detection limits can be compared. Some plots of this type (as in [122]) show LHC
bounds on light WIMPs much more restrictive than direct detection bounds. However,
this type of plots must be understood with care. If the local density of the WIMP
Light weakly interacting massive particles 25
in question differs by a factor r with respect to the assumed local density, the direct
detection cross section regions and limits must be multiplied by 1/r, while the LHC
limits do not change. More importantly, while it is valid to include the direct detection
limits when presenting the LHC limits derived from contact interactions, the reverse is
not correct. The reason is that mediators that are heavy with respect to typical LHC
partonic momentum transfers of O(100 GeV) are also heavy in comparison with the
typical O(MeV) momentum transfer in direct detection, but the opposite is not true
and if the mediator is light enough the analysis of the collider data is very different.
For example, putting back the whole propagator gSMgDM/|q2−M2| in the coupling
in Eq. (15) and varying the vector boson mass M , it was shown [123] that the validity of
the effective coupling in Eq. (15) in LHC DM monojet searches holds only for M > 2.5
TeV. For an intermediate mass range of lighter mediators (e.g. 0.5 TeV < M < 2.5 TeV
for m = 250 GeV), the effective coupling underestimates the true cross section upper
limit because the process is resonantly enhanced [123]. For yet lighter mediators (e.g.
M < 0.5 TeV for m = 250 GeV), the effective coupling severely overestimates the true
cross section upper limit due to monojet events [123]. Combining results from a variety of
colliders searches, including the production of the intermediate vector boson too, it was
shown (see e.g. [124]) that the parameter space of simplified models with a vector boson
mediator can be much more tightly constrained. A complete study of the mediator itself
in all experiments is not a simple task because the couplings of the particular mediator
with Standard Model particles must be specified, and each effective contact interaction
corresponds to many different possible particle models for the mediator.
As an example of the many possible variations of a simplified DM model compatible
with all known limits on new physics corresponding to a particular contact interaction,
let us consider the simplest model leading to the effective coupling in Eq. (15) (for
more details see e.g. [125]). It adds to the Standard Model a new gauge vector boson
V of a new U ′(1) gauge group, and a DM fermion χ, e.g. a Dirac fermion, assumed
to be a singlet under all Standard Model interactions. The DM particle χ and quarks
carry a charge under the new group, so that both χ and the quarks couple to V . One
needs, to specify if V couples also to leptons or only to quarks (in which case V is
called “leptophobic”) and if its couplings to the three generations of quarks (or quarks
and leptons) is the same or not. Then, since a mass term for a gauge boson is not
renormalizable unless it is generated via spontaneous symmetry breaking, having a
mass M 6= 0 for V requires adding a Higgs boson field Φ to break spontaneously the
new U ′(1). Φ must have a vacuum expectation value of the order of magnitude of M ,
< Φ >∼ M . This means that the mass of Φ cannot be very different from M and,
thus, the production of both, V and Φ, needs to be studied if M is small with respect
to typical energies of colliders.
There are still more necessary choices of this simplified model that lead to different
phenomenologies [125]. Generically, Φ does not need to couple directly to quarks and
leptons, but in principle it mixes with the Standard Model Higgs field and, through
this mixing, it couples to all particles in the Standard Model. At this point there are
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many different possibilities, depending on the assumed type of coupling of Φ with the
Standard Model Higgs. Another choice relates to the origin of the mass m of the DM
particle χ. If χ is a Dirac fermion, the Higgs field Φ is also responsible for generating
the DM mass m. In this case m is proportional to < Φ > and thus to M , implying that
the DM mass cannot be raised arbitrarily compared to the mediator mass. Also, the
model may or not be affected by higher order corrections. For example, once quarks
are coupled to V , loop diagrams induce a mixing of V to the Standard Model neutral
vector bosons, the photon and the Z, and conflicts of these mixings with electroweak
precision observables must be taken into account. Another complication arising at one
loop is that, depending on the charges of quark and leptons under the new dark U ′(1)
(e.g. if V is leptophobic), the cancellation of anomalies, which are essential for the
renormalizability of the theory, may require the addition of new fermions charged under
the U ′(1) and the Standard Model gauge group. The masses of these additional fermions
are expected to be roughly of the order of M too. The values of the masses of all these
new particles are important because if V is light enough to be produced at colliders, the
resulting phenomenology depends crucially on its decay pattern (same for Φ). We can
see in this one example how many different simplified models need to be studied when
moving out of a single effective contact coupling to include lighter mediators.
An enormous amount of work remains to be done in the exploration of simplified
DM models at the LHC combined with a other accelerator limits (see e.g. [125, 126]).
The difficulties in comparing LHC limits with direct and indirect DM limits has led to
recommendations by the “LHC Dark Matter Working Group” on how to present LHC
DM limits clarifying the assumptions made in each case [127].
5. Summary and Outlook
Potential signals for light WIMPs with mass in the GeV to few 10’s of GeV range have
appeared in several direct DM detection experiments, arousing considerable interest in
our field. However, so far not two of them have been found to be compatible with each
other and with the upper limits set by the direct searches with negative results, for all
the many possible WIMP candidates studied so far, using either Halo Dependent or
Halo Independent analyses.
The interest in light WIMPs was fueled since 2010 by the unprecedented possible
coincidence of four separate experimental hints into tantalizingly close regions of mass
and scattering cross section. Before 2010 only DAMA had claimed a potential DM
signal for many years, which could have been explained by either light WIMPs or heavier
WIMPs with mass ∼100 GeV.
Of the four direct detection experiments that in recent years claimed to have a
potential light WIMP signal, one, CRESST-II, with an upgraded detector did not
confirm in 2014-2015 the existence of an excess of events over background attributable
to DM they had found in 2010-2011, and the significance of the WIMP signal of another,
CoGeNT, decreased with time to end up with a preference for light WIMP recoils over
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only background much below the 2σC.L. The data of CDMS-II-Si and DAMA remain
significant and WIMP candidates have been studied which can account (marginally for
DAMA) for the signal in one of them (but not in both) and escape all the upper bounds
from other direct detection experiments. The potential signal of CDMS-II-Si consists of
only 3 events obtained with a small exposure of 140.2 kg-days, with a 5.4% probability
of being due to known backgrounds. The DAMA measurement (including the earlier
DAMA/NaI and the later DAMA/LIBRA experiments) of an annual modulation of their
rate at the 9.3σC.L. with the period and phase expected if due to DM remains baffling
for all of us. DAMA has accumulated an impressive exposure of 1.33 ton year and clearly
sees an annual modulation, the question is if it is due to DM. There have been many
objections to the DAMA result over the years, many suggesting that the modulation was
due to backgrounds, none proven to be correct (see e.g. [128] and references therein).
The situation of light WIMPs in direct detection will be definitely clarified with
more data. In particular the low energy threshold direct detection experiments such as
CDMSlite at SNOLAB (called SuperCDMS HV) to start in 2019 (with threshold < 100
eVee), and PICO, now running with 60 liters and expected to upgrade to up to 500 liters
after 2018 (with threshold of O(keV)) [58] and the new lower threshold DAMA/LIBRA
will be very important for light WIMPs. Several years ago DAMA/LIBRA changed
its instrumentation to lower its threshold from 2 keVee to 1 keVee [129]. Their first
lower threshold results are expected in 2017. But the mystery of the DAMA annual
modulation will not be entirely resolved unless a new experiment is carried out using
the same detector material DAMA uses, NaI. This is the aim of a new collaboration of
four experiments (see e.g. [130]): KIMS, DM-Ice (both in the YangYang Underground
Laboratory, South Korea), ANAIS (in the Canfranc Underground Laboratory, Spain)
and SABRE (with two sites, the Gran Sasso Laboratory, Italy, and the Stawell
Underground Physics Laboratory, Australia). Together these experiments will have
about the same amount of NaI that is in DAMA/LIBRA, although, except for SABRE
(still in construction) their sensitivity will be inferior to that of DAMA, but conclusive
results from them will not be reached in many years.
Significant advances are expected in direct detection in the next decade for all
WIMP masses from under GeV to 100 TeV [58]. We do not know where to expect the
WIMP mass and cross section to be, so direct detection experiments will continue in the
next decades until reaching the “neutrino floor”, the level of cross section at which the
signal from background neutrinos (from the Sun, astrophysical sources and interaction
of cosmic rays in Earth’s atmosphere) will be much larger than a DM signal.
Also in 2010 a potential indirect detection signal in gamma rays of the annihilation
of light WIMPs at the galactic center was found in FermiLAT data. The existence
of an extended GeV γ-ray excess from the galactic center has been confirmed (by
several groups, including the FermiLAT collaboration itself) but its DM origin has not
been proven by finding a corresponding signal from other high DM density sources, in
particular dwarf galaxies. It is unclear if new FermiLAT data will conclusively confirm or
reject the DM origin of the GeV excess, because of the large astrophysical uncertainties
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involved, but the projected sensitivities of 10 y and 15 y of dwarf galaxy observations
by FermiLAT will constitute the most significant challenge to the DM interpretation of
this excess. There are also potential yet undetected astrophysical sources of the excess.
It is worth noting that even if light WIMPs would constitute (all or part of) the
DM in our galaxy and be detected in direct DM searches, it is not guaranteed that they
would be detected in indirect searches. The expected DM signal in direct detection is
due to the scattering of WIMPs off protons and/or neutrons, while the signal in indirect
detection is due do DM annihilation or decay. DM particles may neither annihilate nor
decay at present, e.g. if the DM consists only of stable particles which differ form their
antiparticles. In this regard, direct and indirect searches are independent of each other.
While a signal in indirect searches is not guaranteed by a signal in direct searches,
since WIMPs need to interact with nucleons (thus with its constituents, quarks) to
produce a signal in direct detection, any DM which could be observed in direct detection,
should be produced at the LHC in proton-proton collisions. LHC limits using “mono-
X” events and single effective couplings are very constraining on light WIMPs, however
they assume that the mediator masses are above several TeV (and neglect interference
terms between different operators). For lighter mediators the limits can be much less
restrictive, but then many different possibilities for simplified models involving the
mediators themselves need to be studied and the work to examine them has only started.
The study of simplified DM models at the LHC will continue to shed light on light WIMP
candidates, as the LHC continues producing data in the next decade. Even if a potential
DM particle candidate is identified at the LHC, it will still need to be found where the
DM is, in the dark halos of our galaxy, other galaxies and galaxy clusters, to be certain
that it constitutes the DM. In this way searches at colliders, direct detection and indirect
detection are independent and complementary.
The hints of light WIMPs in direct and indirect detection just mentioned were the
first to be found in several independent experiments pointing to roughly the same DM
candidate. This is how signals leading to the discovery of the DM constituent we hope
will appear at some point. Even if DM hints did not so far result in a discovery, they
have had an enormous impact in our research field. They have sparked a resurgence
of new ideas for DM candidates, as well as better ways to compare data from different
experiments and to separate a DM signal from backgrounds. Many particle models
have been proposed in recent years with the purpose of explaining the DM, instead of
the more traditional models made to solve theoretical elementary particle consistency
problems. Trying to accommodate these DM hints has opened up our imagination to
consider a large variety of potential DM candidates and entire DM sectors, as well as
new ways to test them.
We have here dealt only with WIMP searches, but much effort is also devoted to
search for other potential DM constituents (see e.g. [1] and [13]).
DM searches are advancing fast in all fronts, dedicated DM experiments, the LHC,
astrophysical observations and modeling. Lots of data necessarily lead to many hints.
Hopefully at some point several of them will point to the same DM candidate.
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